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SUMMARY 

Kxperlaenta  vara  conducted  in  a  turbulent  boundary-layer  near  separation 
alone  a  circular  cylinder  with  the  flow  in  the  axial  direction.  The  pressure 
gradient  along  the  axis  of  the  cylinder  could  be  varied  such  that  it  was 
possible  to  Maintain  three  boundary-layer  configurations  close  to  separation 
or  with  regions  of  reversed  flow: 

1.  A  turbulent  boundary-layer  with  skin  friction  sero. 

2.  A  turbulent  boundary  layer  with  a  separated  region  and  raattachnent 
further  dovnstreaa  with  skin  friction  saro. 

3.  A  turbulent  boundary  layer  with  a  region  of  — 1 1  but  constant 
Mein  friction  and  normal  separation. 

Pressure  and  skin  friction  along  the  cylinder  wall,  as  wall  as  aean 
velocity  profiles  in  the  boundary-layer,  were  Measured. 
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A  Constant  in  the  "law  of  the  wall" 

B  Constant  in  the  "law  of  the  wall" 

cf  friction  coefficient  2x  /pu? 

V  0 


d  Diameter  of  Preston  tube 

H12  Shape  factor  4^/6^ 

Hj2  Shape  factor 

R  Radius 


Re 


Re, 


(Vo 


u' 

v' 

X 

y 

z 

4 


“3 

Ap 

V 

v 

P 

pu'v 


Reynolds  number  based  upon  x 

Reynolds  number  based  upon  momentum  thickness  p  u.  d  /u 

o  2  v 

Component  of  mean  velocity  parallel  to  the  wall 
Free  stream  velocity 

Free  stream  velocity  at  the  first  pressure  tap 
Skin  friction  velocity  (x^/p  }i/2 

Component  of  turbulent  velocity  fluctuation  in  x-direction 
Component  of  turbulent  velocity  fluctuation  in  y-direction 
Coordinate  parallel  to  the  wall 


Coordinate  perpendicular  to  the  wall 
Coordinate  along  circumference 
Boundary  layer  thickness 
Displacement  thickness 
Momentum  thickness 


Energy  thickness 
Pressure  drop 
fynamlc  viscosity 
Kinematic  viscosity 
Density 

Reynolds  shear  stress 
Wall  shear  stress 


see  Chapter  2.3 
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1.  IOTHODUCTIOK 

During  the  lut  eight  years  a  number  of  experiments  on  turbulent 
boundary  layers  with  pressure  gradient  ha re  been  published,  most  of  them 
dealing  with  extreme  flow  conditions.  The  flow  configurations  investigated 
were  equilibriiss  boundary  layers  (Bradshaw  and  Ferris1,  Bradshaw2,  Herring 
and  lorbury  ) ,  boundary  layers  with  strong  adverse  pressure  gradients ,  and 
boundary  layers  with  sero  skin  friction.  The  pressure  gradients  set  up 
showed  two  main  features.  A  monotonic  pressure  rise  led  to  separation  of 
the  boundary  layer  some  distance  downstream  (Schubauer  and  Spangenberg\ 
Hoses5,  and  Perry**).  If  the  adverse  pressure  rise  vas  reversed  Just  before 
the  flow  reached  separation,  the  separated  state  could  be  avoided  (Moses7, 
Ooldberg^). 

The  third  species  of  boundary-layer  flow  was  illustrated  by  two 
experiments  (Stratford9,  Spangenberg,  Rowland,  Mease10).  There  the 
pressure  distribution  was  adjusted  in  such  a  way  thet  the  turbulent 
boundary  layer  remained  on  the  point  of  separation  for  some  distance 
without  separating.  In  both  cases  the  skin  friction  vas  assumed  to  be 
close  to  sero  which  vas  concluded  from  the  behavior  of  wool  tufts  along  the 
wall.  Despite  this  rather  critical  condition  of  the  boundary-lsyer  it  could 
thus  be  proved  that  such  a  boundary-layer  flow  is  stable  and  can  be 
maintained  over  longer  distances  (*gep~  0.81  m  and  x^5^  2  m,  respectively). 
Both  experimenters  had  to  overcome  severe  trouble  with  secondary  flows, 
however. 

Bearing  in  mind  these  experiments  we  Intended  to  investigate  three  of 
the  above-mentioned  boundary-layer  flows  somewhat  further.  First  a 
turbulent  boundary  layer  with  sero  skin  friction  vas  generated  where  no 
three-dimensional  effects  could  affect  the  flov,  be  it  either  from  corner 
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flow  or  from  secondary  flow  due  to  the  geometry  of  the  test  section. 
Secondly  the  pressure  gradient  was  adjusted  such  that  the  boundary  layer 
separated,  went  through  a  region  of  reverse  flow,  and  then  reattached 
maintaining  a  flow  with  sero  skin  friction.  Having  set  up  flow  configu¬ 
rations  with  separating  and  nearly  separating  boundary  layers  it  seemed 
interesting  to  compare  them  with  a  more  "normal"  separation  condition. 

This  led  to  the  third  pressure  distribution  which  had  a  region  with  nearly 
constant  skin  friction  after  a  recovery  from  a  sharp  pressure  rise  and 
then  approached  separation. 

Since  boundary-layer  separation  is  one  of  the  limiting  conditions 
of  many  applications  of  fluid  mechanics  the  problem  of  a  boundary  layer 
with  sero  skin  friction  was  recognised  by  Prandtl11  in  1935  and  solved 
theoretically  for  the  laminar  boundary  layer.  Several  other  papers  have 
since  investigated  this  type  of  flow  (see  v.Doenhoff  and  Tetervin12, 

Wals  3,  Stratford1**,  Townsend1^,  Eppler16)  and  a  closed  solution  for  both 
plane  and  axisymnetric  flow  was  found  by  the  first  author1^ *  l8.  All  of 
these  theoretical  approaches  dealt  with  turbulent  boundary  layers  on  the 
verge  of  separation. 

Due  to  the  limited  amount  of  time  available  this  report  had  to  be 
split  into  three  parts,  the  first  of  which  is  presented  here.  It  deals 
with  the  establishment  of  the  flow  configurations  investigated,  listing 
measurements  of  the  mean  velocity  profiles  in  the  boundary  layer,  of  the 
pressure  distribution,  and  of  the  wall  shear  stress.  A  second  report  will 
be  printed  next  year  describing  fluctuation  velocities,  shear  stress 
measurements,  and  the  turbulence  structure  of  the  boundary  layers.  Lastly 
a  theoretical  report  is  in  progress  dealing  with  the  calculation  of 
turbulent  boundary  layers  near  separation  and  with  enclosed  regions  of 
separation . 
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Phenomenological  Description  of  the  jfrperlments 

Th*  tut  section  consisted  of  two  oca centric  circular  cylinders  with  the 
flow  in  the  axial  direction  (...  fig.  i).  Th.  boundary  layer  wu  generated 
on  the  inner  Plexiglas  cylinder  whereas  the  free  surface  of  the  outer  porous 
cylinder  could  be  cowered  up  to  control  the  bus  flow  and  thereby  the  stream- 
wia.  pressure  distribution.  Th.  versatility  of  the  apparatus  already  shown 
by  Noses7  and  Goldberg8  enabled  three  types  of  boundary  layers  close  to 
separation  to  be  set  up.  The  governing  factor  for  the  adjustment  of  the 
prusure  distribution  wu  the  skin  friction  measured  with  sublayer  fence, 
and  a  very  sensitive  feather  probe  serving  u  a  means  to  visualise  the 
behavior  of  the  flow. 

Boundary-Layer  Plow  I  (Run  I) 

A  steep  pressure  rise  at  the  inlet  to  the  test  section  enforced  a 
separation  velocity  profile  in  the  bounduy  layer.  Further  downstream  the 
pressure  gradient  wu  modified  to  hold  the  boundary  layer  .t  the  verge  of 
separation  without  letting  it  separate. 

For  this  part  of  the  flow  the  sublayer  fences  indicated  zero  pressure 
difference,  i.e.  zero  skin  friction. 

The  feather  probe  hovered  but  did  not  shov  reverse  flow  on  the  wall. 
Boundary-Layer  Flow  II  (Bun  II) 

A  steeper  pressure  rise  than  the  first  one  at  the  entry  of  the  test 
section  caused  the  boundary  layer  to  separate.  The  sublayer  fences  and  the 
feather  probe  indicated  reverse  flow.  Downstream  the  pressure  was  adjusted 
in  such  a  way  to  set  up  a  reattaching  boundary  layer  close  to  separation. 

Now  the  sublayer  fences  showed  zero  skin  friction,  except  for  a  short 
region  with  positive  skin  friction  until  the  flow  separated  again  towards 
the  sr.d  of  the  test  section. 


It. 

Boundary-Layer  Floy  III  (Run  III) 

The  third  pressure  distribution  vas  intended  to  generate  a  boundary 
layer  with  distinctly  positive  but  very  snail  and  constant  skin  friction 
which  would  finally  separate  nomally.  The  skin-friction  distribution 
actually  obtained  was  slightly  higher.  This  was  due  to  the  llnitations  of 
the  apparatus.  Since  the  fan  speed  could  not  be  controlled  surge  conditions 
were  approached  and  the  boundary-layer  flow  consequently  became  oscillatory 
and  unstable.  These  unfavorable  conditions  were  avoided  by  accepting  the 
slightly  higher  skin-friction  distribution.  After  a  steep  rise  the 
pressure  distribution  flatened  off,  causing  the  tailpipe  effect  known  in 
internal-flow  configurations.  The  skin  friction  rose  slightly,  but  the 
following  pressure  rise  then  induced  the  boundary  layer  to  separate. 

2.  EXPERIMENTAL  APPARATUS  AMD  TEST  PROCEDURE 

The  wind  tunnel  and  teat  section  used  were  designed  and  described  by 

O 

Goldberg  in  an  earlier  report  .  A  brief  description  will  be  given,  however, 
so  that  the  following  can  be  understood  without  complete  knowledge  of 
Goldberg's  paper.  The  geometric  details  were  not  given  in  Ooldber's  paper. 
Since  it  proved  to  be  a  rather  time-consuming  and  tiresome  task  to  establish 
the  pressure  distribution  investigated,  we  give  a  detailed  account  of  the 
geometric  parameters  involved  in  Table  1  and  Fig.  1  so  that  the  experiments 
can  be  reproduced  easily. 

2.1  Apparatus 

The  description  of  the  apparatus  partly  follows  Goldberg.  An  axial- 
flow  fan,  rated  at  27,300  m3/h  at  76,2  mm  of  water  static,  fitted  with  a 
radial  inlet,  supplies  air  to  the  system.  Downstream  of  the  fan  are  flow 
straightening  vanes,  a  screen,  motor  fairing,  and  diffuser  all  of  which 
serve  the  purpose  of  reducing  losses  and  steadying  the  flow.  The  air  which 
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l«ar«»  the  aifruser  enters  an  aluminum  settling  chamber  1.83  m  in  diameter 
“d  3.05  ■  Ion*.  The  aattling  chamber  contains  a  honeycomb  flow  atraightener, 
a  canter  tuba  which  is  held  in  place  by  a  vertically  mounted  airfoil  strut, 
•nd  an  66-mesh  silk  screen  with  approximately  k6%  free-flow  area  for  reducing 
turbulence.  The  center  tube  provides  support  for  the  upstream  end  of  the 
test  section,  as  well  as  for  the  honeycomb.  To  prevent  blower  vibrations 
trm  reaching  the  settling  chamber  a  flexible  coupling,  actually  a  piece  of 
heavy  fabric,  is  used  to  seal  the  gap  between  blower  and  diffuser  (the 
diffuser  being  rigidly  attached  to  the  settling  chamber).  The  flow  leaving 
the  settling  chamber  was  accelerated  to  approximately  20  m/s  by  a  9  to  1 
area  contraction  which  further  reduced  the  longitudinal  velocity  variations 
in  the  flow.  The  free-streaa  turbulence  intensity  measured  at  the  exit 
of  the  contraction  was  approximately  0.2%. 

The  test  boundary  layer  was  grown  on  the  central  Plexiglas  cylinder 
being  0.25it  m  in  diameter  and  1.03  m  in  length.  The  outer  porous-metal 
cylinder  had  a  length  of  1.22  n  and  was  0.6l  m  in  diameter  and  an  adjustable 
end  plate  cauied  the  annulus  pressure  to  be  greater  than  ambient.  The  flow 
diffusing  out  through  the  porous  surface  thus  created  an  adverse  pressure 
gradient.  The  pressure  distribution  could  be  adjusted  as  desired  by 
controlling  the  flow  through  the  porous  cylinder,  by  adjusting  the  end  plate 
and  by  opening  the  by-pass.  Narrow  cloth  bands  and  larger  pieces  of 
transparent  polythene  sheets  were  fastened  on  the  outer  surface  of  the 
porous  cylinder  to  control  the  outflow.  The  transparent  cover  allowed  the 
flow  to  be  observed  and  checked  by  means  of  a  sensitive  feather  probe. 
Furthermore  the  cuter  cylinder  had  been  provided  with  a  longitudinal  slot  and 
guides  for  making  boundary  layer  traverses. 

With  a  boundary  layer  extending  halfway  or  more  into  the  annulus  the 
flow  angle  had  to  be  checked  towards  the  edge  of  the  boundary  layer. 


This 
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was  also  accomplished  by  means  of  the  feather  probe. 

2.2  Instrumentation 

Insofar  as  the  seme  instrumentation  was  used  we  may  refer  the  reader 
to  Goldberg's  report  for  a  more  detailed  description.  The  inner  Plexiglas 
cylinder  was  fitted  with  static-pressure  taps  spaced  50,8  mm  apart  along  a 
line  parallel  to  the  cylinder  center  line.  The  static-pressure  taps  were 
0.635  mm  in  diameter  and  the  static  pressures  were  read  on  an  inclined 
multi-tube  manometer.  Since  the  pressure  distribution  was  used  only  as  a 
first  indication  for  the  type  of  flow  desired,  the  accuracy  of  such  a 
manometer  was  sufficient. 

A  micrometer  screw  with  55  mm  maximum  travel  was  used  to  traverse  a 
flattened  total-head  tube  across  the  boundary  layer.  The  outside  height 
of  the  probe  was  0.127  mm.  The  dynamic  head  -  to  determine  the  velocity 
in  the  boundary  layer  -  was  recorded  by  means  of  a  micrcmanometer  manu¬ 
factured  by  R.  Hellwig  Co. ,  Berlin/Germany.  This  micromanometer  is  a 
nulling  instrument,  i.e.  before  the  measurement  the  meniscus  is  adjusted  to 
zero  and  after  the  pressure  is  applied  a  vessel  with  methanol  is  raised  or 
lowered  by  means  of  a  micrometer  screw  until  the  instrument  reads  sero 
again.  The  difference  in  height  is  shown  digitally  and  the  accuracy  of  the 
manometer  is  +  0.005  mm  of  the  manometer  liquid. 

The  same  micromanometer  was  used  to  obtain  the  skin-friction  readings 
s^ear  stress  was  measured  by  means  of  a  Preston  tube  with  1.27  bob  outer 
diameter  and  a  series  of  fixed  sub-layer  fences*  located  on  the  test 
cylinder  along  a  line  parallel  to  the  row  of  static-pressure  taps  (see  Pig.  2). 

Each  of  the  sublayer  fences  was  machined  out  of  a  brass  plug  k.77  mm  in 
diameter,  pressed  into  the  Plexiglas  cylinder  and  then  ground  flush  with  the 
« 

The  first  reference  in  which  such  a  skin-friction  meter  is  described  vas 
given  by  D.  N.  Bushmarin  and  T.  V.  Andreieva19. 
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surface  on  either  side  of  the  fence.  The  fences  vere  approximately  0.25b  mm 
thick  and  0.152  an  high  and  pressure  holes  are  placed  in  each  plug  on  either 
side  of  the  fence.  As  tests  shoved  each  fence,  hovever,  had  to  he 
calibrated  separately. 

We  used  the  Preston  tube  for  all  skin-friction  measurements  where  the 
boundary  had  not  yet  approached  separation,  and  the  sublayer  fences  vhere  the 
flow  was  on  the  verge  of  separation  or  vhere  flov  reversed  occurred.  Since 
it  vas  not  possible  with  this  experimental  set  up  to  calibrate  the  sublayer 
fences  in  both  directions  a  negative  pressure  difference  could  be  used  only 
qualitatively  as  an  indication  for  the  strength  of  the  back  flov. 

A  zero-pressure  reading  of  the  sublayer  fence  vas  assumed  to  indicate  a 
boundary  layer  on  the  verge  of  separation  though  the  Preston  tube  still 
shoved  a  small  positive  reading.  A  plot  of  the  universal  lav  vhere  u^  vas 
obtained  from  the  Preston-tube  reading  indicated,  hovever,  that  the  value 
for  the  akin  friction  must  be  too  high  and  so  the  Preston-tube  readings  close 
to  separation  vere  assumed  to  be  erroneous  and  not  used.  The  behavior  of  the 
feather  probe  could  be  correlated  with  the  reading  of  the  sublayer  fence,  at 
least  qualitatively ,  and  confirmed  the  reading  of  the  sublayer  fence  near 
separation.  Two  sublayer  fences  (x  -  0.768  a)  vere  calibrated  against  the 
^r**bon  tube  and  for  the  calibration  a  flov  with  zero  pressure  gradient  vas 
set  up.  To  ensure  that  calibration  errors  due  to  a  circumferential  variation 
of  skin  friction  vere  excluded  the  Preston  tube  vas  put  on  top  of  the  sub¬ 
layer  fence  and  removed  for  the  fence  reading  (see  Fig.  3). 

The  actual  values  for  the  wall  shear  stress  vere  obtained  from  Patel's20 
calibration  curve 


y*  -  0.8287  -  0.1381  x*  +  0.11*37  x»2  -  0.0060  x-3 


(2-1) 


8 


t  d  Ap_  d 

where  y*  5  log  (~~ )  ;  x«  2  log10  ‘g  ■ 

1*0  v  1*0  v 

Appr  ie  the  pressure  difference  between  the  Preston  tube  end  the  static- 
pressure  tap,  p  the  density,  v  the  kinematic  viscosity  and  d  the  diameter 
of  the  Preston  tube. 

The  measuring  position  for  skin  friction  and  velocitj  profiles  is  also 
shown  in  Fig.  2.  The  result  of  the  calibration  is  given  in  Fig.  1*  for  one 
fence.  For  all  velocity  profiles  skin  friction  data  were  taken  at  the 
position  of  the  velocity  profile  with  respect  to  the  x  and  z  coordinates. 

If  no  variations  in  skin  friction  could  be  observed  readings  at  the 
position  of  the  sublayer  fence  were  plotted,  too. 

2.3  Teat  Procedure 

For  all  three  runs  the  static-pressure  and  skin-friction  distributions 
were  measured  first,  then  the  velocity  profiles  were  taken  and  lastly  the 
skin  friction  was  checked  again.  To  ensure  that  the  flattened  Pitot  probe 
did  not  measure  at  an  angle  of  incidence  to  the  flow  we  controlled  the  flow 
direction  well  beyond  the  edge  of  the  boundary  layer.  The  flow  did  not 
change  its  direction  parallel  to  the  cylinder  axis  -  within  the  limits  of 
observation  -  before  it  almost  reached  the  porous  cylinder.  So  only  the 
outer  part  of  the  three  last  profiles  in  Run  II  may  be  affected  by  this 
divergence.  The  boundary-layer  flow  was  checked  for  axisymmetry  in  the 
vicinity  of  the  wall  by  means  of  the  feather  probe  and  by  skin-friction 
measurements. 

2.1*  Data  Reduction 

One  computer  program  was  utilized  in  reducing  the  data  and  in  evaluating 
the  mean  flow  parameters  from  the  pressure  measurements.  From  this  the 
values  of  displacement  thickness,  momentum  thickness,  energy  thickness,  and 
the  two  shape  parameters  of  the  velocity  profile  were  calculated  for  both  their 
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two-dimensional  and  axioymetric  definition* : 

Two-dimensional 


Displacement  thickness 
41 

Momentum  thlekne** 

42 

Energy  thickness 
*3 
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The  radiu*  of  the  Plexiglas  cylinder  R  was  127  mm.  The  maximum 

difference  betveen  the  axieyametric  and  two-dimensional  values  of  Re.  and 

8  2 

®12  WM  found  to  exceed  the  value*  given  by  Ooldberg  which  were,  on  average, 
10*  and  2%  respectively.  The  maximum  difference  for  each  run  is  shown  in  the 
following  table  where  the  axisymmetric  case  is  used  as  reference  (■  100?) : 


H12 

Run  I 

-20  t 

+6  % 

Run  II 

-33  % 

+5  % 

Run  III 

-29  f 

+9  * 

Prom  this  it  is  evident  that  the  transverse-curvature  effect  is  considerable 
and  that  the  axisymmetric  definitions  have  to  be  used  to  describe  the 
boundary  layer. 
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All  the  characteristic  experimental  data  are  given  in  tables  3  to  8  at 

the  end  of  this  report  to  facilitate  comparisons  or  evaluation  for  other 

research  vorkers.  The  pressure  measurements  for  the  velocity  profiles  vere 

not  corrected  for  either  vail  effects  or  turbulence  in  the  boundary  layer. 

A  comparison  vith  hot-vire  measurements  especially  in  the  region  close  to  the 

vail  vill  be  presented,  hovever,  in  part  tvo  of  this  report. 

An  evaluation  of  the  data  of  reference  10  vhlch  vere  taken  under 

similar  conditions  shoved  that  the  difference  betveen  Pitot  tube  and  hot 

vire  measurements  did  not  exceed  -33*  for  Hlg  and  +5f  for  «2  vith  the 

results  from  the  Pitot  measurement  as  the  reference. 

The  skin-friction  measurements  vere  compared  vith  the  semi-empirical  lav 
21 

of  Ludvieg  and  Tillmann  . 


Cf  ■  0.2U6 


10-0-676  «12  *  ReT0-268 
62 


(2-2) 


and  vith  a  modified  skin-friction  lav  (see  referencef2^})vhere  the  skin 
friction  is  extrapolated  tovards  zero,  a  minor  shortcoming  of  eqn.  (2-2). 
The  modified  lav  yields  for  the  skin  friction: 


C 


f 


0.0580  (log 


8.05  .1.705 
TOT 
12 


Re 


-0.268 


(2-3 


3.  EXPERIMENTAL  RESULTS 
3.1  General  Remarks 

For  a  presentation  of  the  experimental  results  it  vas  thought  convenient 
to  make  a  fev  general  remarks  first  and  then  describe  the  different  runs  one 
by  one. 

The  development  of  the  boundary-layer  flov  as  characterized  by  the 
velocity  u4  at  the  edge  of  the  boundary  layer,  the  Reynolds  number  Re 

*2 
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bM«d  on  the  momentum  thickneei,  the  skin-friction  coefficient  Cf,  end  the 
shape  parameter  H12  is  presented  in  one  diagram  for  each  run.  This 
facilitates  a  survey  on  what  is  actually  going  on  in  the  boundary  layer. 

At  all  the  positions  where  a  velocity  profile  was  measured  the  skin  friction 
and  the  free-streaa  velocity  were  plotted  from  the  profile  measurements. 

The  Other  u^  and  Cf  values  were  taken  from  the  control  measurement.  The 
momentw  thicknees  and  the  shape  parameter  were  determined  from  the 
measured  velocity  profiles.  All  values  are  shown  as  a  function  of  the 
coordinate  x  in  the  streamwise  direction,  x  is  the  distance  along  the 
cylinder  starting  from  where  the  surface  becomes  parallel  to  the  cylinder 
!•••  6.35  mm  upstream  from  the  first  static— pressure  tap. 

The  velocity  data  were  presented  in  two  ways,  first  u/u{  was  plotted 

versus  y/4g  with  the  downstream  position  as  a  parameter  and  secondly 

y  u 

u/uT  was  presented  as  a  function  of  log  -^-L  to  check  whether  the  velocity 
Profiles  agree  with  the  lav  of  the  wall.  For  a  comparison  with  theory 
we  used  the  universal  law  vith  the  constants  A  -  5.75  and  B  *  5,1  given 
by  Colee2^. 

3.2  Boundary-Layer  Flow  I  (Run  I) 

The  characteristic  boundary- layer  values  are  shown  in  Fig.  5.  With 
decreasing  velocity  in  the  free  stream  the  boundary-layer  thickness 
increases  and  the  skin  friction  is  gradually  reduced  until  it  reaches  zero 
for  x  >  0.t5  m.  The  velocity  gradient  is  adjusted  in  such  a  way  that  the 
skin  friction  remains  virtually  zero  as  Judged  from  the  readings  of  the 
sublayer  fences.  Towards  the  end  of  the  test  section  it  is  not  possible  to 
control  the  velocity  distribution  anymore  and  the  boundary  layer  finally 
separates.  This  change  in  the  flow  close  to  the  wall  could  very  distinctly 
be  seen  from  the  behavior  of  the  feather  probe. 
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From  semi-empirical  skin  friction  laws  and  Stratford'*  measurements 
the  ahape  parameter  was  expected  to  remain  constant  after  the  boundary  layer 

reached  the  state  "on  the  verge  of  separation" .  As  it  turned  out ,  however . 
the  shape  parameter  H^2  declined  again  having  reached  a  maximum  value  of 
2.81*.  A  further  rise  dovnstream  was  observed  before  the  flow  finally 
separated.  A  similar  behavior  of  the  shape  parameter  H^2  was  found  in 
reference  10  where  ^12^max  waa  2,39  “d  subsequently  fen  to  a  smaller 
value  rising  again  at  the  last  measuring  station. 

Q 

Stratford's  separation  profiles  on  the  other  hand  reached  maximum 
values  of  H12  ■  2.57  remaining  constant  for  the  last  3.1*0  mm  of  his  test 
section.  The  Reynolds-number  range  was  about  the  same  for  the  three  experiments, 

lying  between  1100  <  Re.  <  12000. 

°2 

Looking  at  the  velocity  profiles  {see  Fig.  6)  two  groups  can  be 
clearly  distinguished.  One  comprising  the  profiles  3  to  9  shows  the  well 
known  behavior  of  velocity  profiles  in  a  turbulent  boundary  layer  with  an 
adverse  pressure  gradient,  i.e.  the  region  of  velocity  defect  near  the  wall 
increases  downstream.  The  second  group  includes  those  profiles  labelled 
11  to  19.  It  is  interesting  to  note  that  11  and  19  lie  on  the  same  curve 
close  to  the  wall.  Profile  13  shows  the  biggest  defect  which  agrees  with 
the  maximum  value  of  Hlg.  For  all  profiles  of  this  group  the  sublayer 
fences  indicated  zero  skin  friction.  Including  the  data  of  Stratford  who 
claims  zero  skin  friction  between  2.32  <  H12  <  2.57  we  can  conclude  therefore 
from  experimental  evidence  that  zero  skin  friction  is  reached  if  the  shape 
parameter  H12  lies  within  a  range 

2.27  <  H12  <  2.81* 

for  Reynolds  numbers  betveen  1100  and  12000. 

This,  however,  means  that  the  boundary  layer  in  reference  10  falls 
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within  this  range  with  only  one  profile  (H12  -  2.39  "B"  condition,  x  ■  130") 
which  agrees  well  with  the  shape  of  profiles  11  and  19  near  the  vail  as  can 
be  seen  fro*  Fig.  7.  Beyond  a  value  «  2.1*5  of  the  shape  parameter  a 
region  of  constant  velocity  becomes  aore  and  more  pronounced  and  extends  further 
into  the  boundary  layer  (profiles  13  and  15  ).  This  finding  seems  to  agree 
with  some  of  Stratford's  profiles  (see  ref.|  9',  Fig.  8)  though  the  curves 
make  it  difficult  to  decide  whether  the  velocity  is  constant  or  rises 
■lightly  in  his  experiments.  It  is  certainly  not  sufficient  to  describe  a 
velocity  profile  by  alone  if  the  skin  friction  is  zero  and  it  is 

doubtful  whether  Re,  adds  much  more  information.  This  can  be  seen  from 

"2 

Run  III  vhcre  profile  21  shows  the  seme  behavior  as  do  13  and  15  though  the 
shape  parameter  is  H1 2.1*5.  Only  the  Reynolds  number  has  tvice  the  value 
of  the  profiles  in  Run  I.  Before  one  can  draw  any  further  conclusions  it  will 
be  necessary  to  know  the  turbulence  structure  of  the  separation  profiles, 
the  knowledge  of  vhich  may  help  to  shed  seme  more  light  on  the  rather  somber 
state  of  the  art. 

If  the  velocity-profile  data  are  plotted  with  u/ut  versus  log  (y  u^/v), 
using  the  measured  skin-friction  values,  very  good  agreement  with  the 
universal  lav  of  the  wall  is  obtained  as  can  be  seen  from  Fig.  8.  Since  all 
the  other  profiles  had  zero  skin  friction  only  the  first  four  velocity 
profiles  could  be  shown.  Due  to  the  steep  pressure  gradient  the  straight 
line  in  Fig.  8  is  rather  short  and  the  curves  start  to  deviate  at  a  value  of 
log  (ut  y/v)  as  100.  A  velocity  profile  with  zero  pressure  gradient 
(x  “  0.768  m)  is  plotted  for  comparison.  It  is  not  surprising  therefore  to 
find  that  both  skin  friction  lavs  show  good  agreement  vith  the  measurements 
(see  Fig.  9)  up  to  separation.  None  of  the  existing  skin  friction  laws 
takes  account  of  a  varying  shape  parameter  at  separation  which  weald  explain 
the  discrepancy  between  theory  and  experiment  in  the  separation  region. 


Lastly  skin  friction  vas  measured  in  interval  s  of  6  mm  along  the 
circumference  (-127  mm  <  Z  <+  127  mm)  at  three  stations  (x  -  0.210;  0.51U; 

0.921  m)  and  the  value  measured  at  each  station  vas  found  to  be  constant. 

3.3  Boundary-Layer  Flov  (Run  II) 

The  second  flov  configuration  (see  Pig.  10)  shovs  a  sharp  decline  in 
velocity  at  the  beginning  of  the  test  section  so  that  the  boundary-layer 
has  separated  before  reaching  1/6  of  the  total  length  of  the  cylinder.  A 
region  of  reversed  flov  vhere  the  sublayer  fences  indicate  negative  skin 
friction  is  then  folloved  by  reattachment  of  the  boundary  layer.  Through 
most  of  this  region  of  reattached  flov  the  skin  friction  is  again  zero  as 
it  vas  in  Hun  I  but  the  velocity  profiles  shov  a  distinctly  different 
behavior.  Having  Just  about  recovered  from  the  reversed  flov  near  the  vail, 
the  velocity  defect  is  pronounced  (see  profile  13  in  Fig.  11)  by  a  relative 
minimum.  This  minimum  moves  tovards  the  vail  further  downstream  (profile  lU  ) 
and  finally  vanishes  (see  profile  21).  Despite  of  the  relative  minimum 
there  is  same  resemblance  betveen  these  velocity  profiles  and  those  (  15  to 
19  )  of  Run  I.  If  the  velocity  profiles  are  evaluated  and  measurements  are 
compared  vlth  the  semi -empirical  skin-friction  lavs,  poor  agreement  is  found 
(see  Fig.  12)  since  the  shape  parameter  is  too  lov  to  yield  zero  skin 
friction.  Three  reasons  may  be  given  for  this  disagreement.  First,  the 
behavior  of  the  feather  probe  indicated  highly  turbulent  flov  vhich  could 
mean  that  the  Pitot  probes  read  too  high,  both  avay  from  and  close  to  the  vail. 
The  same  could  hold  for  the  sublayer  fence  vhich  may  be  influenced  by 
highly  turbulent  flov.  Second,  the  lavs  for  tvo-dimensional  boundary  layers 
may  no  longer  be  applicable  to  this  special  flov  still  recovering  from  back 
flov.  Third,  the  boundary  layer  fills  about  60H  and  more  of  the  annulus 
dovnstream  of  x  =  0.6l  a.  This  may  change  the  behavior  of  the  boundary 
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Compared  with  Run  I  where  the  boundary  layer  was  tripped  at  about 
x  ■  O.OM  m  irregularities  in  natural  tranaition  are  probably  the  reaaon 
for  the  variations  in  akin  friction  aeen  in  Fig.  13.  It  is  not  surprising 
that  these  variations  do  not  continue  through  the  separation  region  down¬ 
stream  of  which  they  have  vanished  completely. 

Lastly  a  preliminary  qualitative  investigation  of  the  region  of 
separated  flow  was  conducted  by  means  of  the  feather  probe.  This  showed 
that  the  separated  region  reached  a  higbt  of  about  50  am  and  a  length  of 
about  300  mm  on  the  surface  of  the  Plexiglas  cylinder  which  would  correspond 
to  a  very  stable  ring-shaped  separation  bubble.  Hopefully  more  information 
will  be  obtained  by  the  hot-wire  measurements  to  confirm  this  hypotlssis. 

3.1*  Boundary-Layer  Flow  III  (Run  III) 

As  may  be  recalled  the  third  pressure  distribution  was  set  up  to 

generate  a  boundary  layer  where  the  skin  friction  should  be  almost  constant 

and  small  and  where  a  velocity  profile  at  separation  could  be  obtained. 

This  seemed  necessary  for  a  comparison  with  the  profiles  of  Runs  I  and  II 

conducted  under  more  extreme  conditions. 

A  gradual  reduction  of  the  velocity  gradient  in  the  free  stream  reduced 

the  downward  trend  of  the  skin  friction  (see  Fig.  lb)  and  even  reversed  it. 

This  rise  in  skin  friction  is  probably  due  to  the  so-called  tail-pipe  effect 

known  from  internal-flow  configurations  where  a  region  with  pressure  rise  is 

followed  by  a  region  with  zero  pressure  gradient.  Since  the  velocity  profiles 

thereby  have  to  change  shape  -  the  velocity  in  the  vicinity  of  the  wall  rises  - 

skin  friction  is  increased.  Reducing  the  free  stream  velocity  u,  downstream 

6 

furthermore  causes  the  wall  shear  stress  to  fall  rather  sharply  until 
separation  is  finally  reached.  The  shape  parameter  follows  this 
pattern. 
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As  for  the  velocity  profiles  (see  Pig.  15)  no  anomalies  could  be 
observed,  profile  7  being  close  to  separation  while  a  true  separation  profile 
only  appears  at  position  21  . 

Though  we  encountered  the  same  type  of  profile  in  all  the  three  runs 
the  evidence  that  this  is  the  separation  profile  is  not  conclusive  until  we 
know  the  order  of  magnitude  of  the  fluctuating  velocity  components  which 
nay  influence  the  reading  given  by  the  flattened  Pitot  probe.  The  meniscus 
of  the  manometer  fluid  vao  steady,  however,  thus  showing  no  indication  of 
oscillating  flow. 

All  experimental  results  obtained  can  be  explained  satisfactorily 
except  the  plot  of  the  universal  semilogarithmic  law  of  the  velocity  profiles 
which  is  shown  in  Fig.  16.  Contrary  to  the  good  agreement  between  measure¬ 
ments  and  theory  in  Fig.  8  aU  the  measured  values  for  Run  III  were  below  the 
theoretical  curve  by  as  much  as  15  %.  This  cannot  be  explained  by 

inaccuracies  of  the  measurements  and  so  far  no  explanation  for  the  dis¬ 
crepancy  can  be  given.  Several  control  measurements  of  both  velocity  and  skin 
friction  confirmed  the  original  results. 

-*■  DISCUSSION  OF  RESULTS 

Neither  Stratford  nor  Spangenberg  et  al.  measured  velocity  profiles 
and  skin  friction  together  in  turbulent  boundary  layers  close  to  separation. 
Therefore  it  was  one  of  the  aims  of  this  investigation  to  gather  both  these 
pieces  of  information.  Since  the  new  experimental  results  agreed  neither  in 
all  parts  with  Stratford's  experimental  results  nor  with  the  semi -empirical 
laws  for  skin  friction  an  interpretation  should  be  made  with  great  care. 

Good  agreement  was  found  between  measurements  and  the  two  semi-empirical 
law*  up  to  the  point  of  separation  (see  Figs.  9  and  17).  For  both  regions 
with  skin  friction  zero  (Runs  I  and  II)  the  semi-empirical  laws  gave  skin- 
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friction  values  vtaich  were  too  high.  This  vas  due  to  the  development  of  the 
shape  parameter  H12  in  axial  direction.  Hlg  declined  after  having  reached 
a  maximum  value  thus  causing  the  skin  friction  to  rise  again  whereas  the 
sublayer  fences  still  gave  zero  skin  friction  readings.  Two  reasons  may 
be  responsible  for  this  discrepancy.  Firstly,  both  the  sublayer  fence  and 
the  Pitot  probe  may  have  been  affected  by  fluctuation  velocities  close  to 
the  wall  causing  the  measurements  -  especially  of  the  sublayer  fence  -  to  be 
slightly  erroneous.  This  is  quite  possible  in  a  region  close  to  or  at 
separation  where  the  mean  velocities  are  very  small  near  the  wall. 

Secondly  the  skin  friction  law*  in  their  present  form  can  no  longer  be 
applied  once  separation  has  been  approached. 

Furthermore  it  is  interesting  to  note  that  the  experiments  on  boundary 
layers  with  zero  skin  friction  disagree  in  two  other  points.  Spangenberg's 
and  the  present  experiments  indicate  a  relative  minimum  for  H12  in  the 
region  close  to  separation.  In  Stratford's  experiment  the  shape  factor  H12 
rose  from  a  first  plateau  with  H12  -  const  *  2.32  to  a  second  plateau  with  H12 

■  const  ■  2.57  further  downstream,  indicating  no  decline  of  the  shape 
parameter.  Both  regions  were  affected  by  secondary  flow,  however,  which  may 
serve  as  an  explanation  for  the  different  behavior  of  the  shape  parameter, 
since  no  secondary  flow  was  observed  in  the  other  two  test  sections. 

Three  types  of  separation  velocity  profiles  were  found  in  the  three 

investigations.  Stratford  measured  profiles  which  close  to  the  wall  followed 
1/2 

a  law  u~y  .  This  could  not  be  confirmed  by  either  of  the  three  other 
experiments  though  Stratford's  data  can  also  be  interpreted  as  having  a 
region  of  almost  constant  velocity  close  to  the  wall.  This  would  agree  with 
the  one  group  found  in  the  present  experiments  (profiles  13  and  15  in  Run  I 
and  profile  21  in  Run  III).  The  second  group  of  profiles  observed  agrees 
with  Spangenberg's  separation  profile  as  plotted  in  Fig.  7.  No  conclusive 
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explanation  can  be  plven  yet  for  the  existence  of  the  two  types  of  velocity 
profiles  near  separation  but  Bore  definite  answers  :are  expected  from  the 
second  part  of  the  experlaental  Investigation  and  the  theoretical  work. 

Lastly  it  should  be  remarked  that  the  experimental  set  up  used  was 
extremely  well  suited  for  experiments  on  boundary  layers  close  to 
separation  since  the  flow  was  absolutely  steady.  This  is  usually  not  the 
case  in  diffuser  flow  or  in  boundary  layers  near  separation  on  airfoils. 

So  at  least  the  problem  of  separation  in  turbulent  boundary  layers  for 
steady  flows  seems  closer  to  a  solution  than  before  and  might  »*<tn  make 
it  possible  to  answer  related  (Questions  for  unsteady  flows. 

REC0WENDATI0H3  FOR  FURTHER  RESEARCH 

The  second  part  of  this  investigation  should  be  concerned  with  hot¬ 
wire  measurements  in  the  three  turbulent  boundary  layers  described  above, 
following  in  general  the  procedure  indicated  in  the  paper  of  8pangenberg, 
Rowland,  and  Mease10. 

This  would  mean  measuring  the  fluctuation  velocities  u'  and  v'  as  well 
as  the  shear  stress  distribution  across  the  boundary  layer.  Prom  these  data 
the  dissipation  integral  and  the  Reynolds  -  normal  stress  term  - 
9  (p  u'2)/3x  could  be  determined  to  check  whether  the  latter  term  is  as 
important  as  reference  10  indicates. 

Furthermore  it  would  be  important  to  investigate  the  separated  region 
found  in  Run  II  in  more  detail. 

Lastly  it  would  be  necessary  to  estimate  the  influence  of  turbulent 
fluctuations  near  the  wall  on  the  reading  of  the  sublayer  fence. 
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TABLE  3  -  VELOCITY  PROFILES  (RUN  i) 


x  »  0.108  m 

X  - 

0.210  m 

X  « 

0.311  m 

x  -  0.413  in 

x  *  0.514  m 

y/«2 

u/ua 

y/&2 

U/U6 

y/«2 

u/u4 

y/«2 

u/u4 

y/«2 

u/u4 

0.124 

0.3173 

0.09 

0.3305 

0.05 

0-2203 

0.0298 

0.228 

0.0177 

0  149 

0.247 

0.4246 

0.14 

O.3999 

0.10 

0.2966 

9.326 

0.319 

0.195 

O.183 

0.371 

O.5069 

0.23 

0.4600 

0.15 

O.3629 

0.625 

0.371 

0.372 

0.199 

0.485 

0.5642 

0.31 

O.5068 

0.20 

0.3957 

0.89 

o.4io 

0.532 

0.220 

O.618 

0.6090 

0.40 

0.5501 

0.25 

0.4252 

1.19 

0.450 

0.71 

0.230 

0.741 

0.6438 

0.49 

0.5785 

0.30 

0.4529 

1.49 

0.492 

0.886 

0.245 

0.865 

0.6628 

0.57 

0.5911 

0.35 

0.4738 

1.79 

o.54i 

1.063 

0.266 

0.990 

0.6746 

0.66 

0.6006 

o.4o 

0.4865 

2.09 

0.586 

1.42 

O.309 

1.235 

0.6984 

0.75 

0.6108 

0.51 

0.5006 

2.38 

0.632 

1.77 

O.388 

1.482 

0.7227 

0.87 

0.6314 

0.61 

0.5214 

2.68 

0.682 

.213 

0.454 

1.978 

0.7599 

1.13 

0.6573 

0.81 

0.5481 

2.98 

0.728 

2.48 

0.548 

2.475 

0.7880 

1.47 

0.6927 

1.01 

0.5740 

3.28 

0.772 

2.66 

0.580 

4.950 

0.9105 

1.82 

0.7240 

1.27 

0.6059 

3.58 

0.8l4 

2.84 

0.620 

7.420 

0.9775 

2.59 

0.7780 

1.52 

0.6352 

4.05 

0.656 

3.01 

0.655 

9.900 

0.9964 

3.46 

0.8360 

2.02 

0.6989 

4.17 

0.895 

3-19 

0.688 

12.370 

0.9984 

4.32 

0.8846 

3-04 

O.8039 

4.77 

0.955 

3-37 

0.727 

19.790 

1.00 

5.19 

0.9240 

4.05 

0.8916 

5.36 

.987 

3-55 

0.764 

6.05 

0.958c 

5.06 

0.9540 

5 .66 

.^94 

3-72 

0.798 

6.92 

0.9796 

6.07 

0.9822 

5.96 

1.00 

3.90 

0.836 

7.73 

0.9891 

7.09 

0.9030 

6.2 6 

1.00 

4.08 

0.860 

8.65 

0.9951 

9.1- 

0.9960 

4.26 

0.695 

10.38 

0.9983 

11.14 

0.9970 

4.43 

0.922 

13.94 

l.OC 

14.17 

0.9975 

4.6l 

0.943 

19.24 

0.9988 

4.79 

0.959 

29.36 

1.00 

4.96 

0.971 

5.14  0.984 

5-32  0.991 

5.50  0.996 

5.67  0.998 

5.85  1.00 

6.03  1.00 


TABLE  3  -  VELOCITY  PROFILES  (HUH  I)  (Continued) 


x  »  0.6l6  m 

x  ■  0.718  m 

y/«2 

u/u4 

y/«2 

u/u4 

0.0148 

0.122 

0.013 

0.126 

0.163 

0.122 

0.137 

0.126 

0.310 

0.122 

0.262 

C.156 

0.59 

0.122 

0.50 

0.181 

0.89 

0.166 

0.75 

^■200 

1.18 

0.204 

1.00 

0.235 

1.48 

0.254 

1.25 

0.256 

1*77 

0.319 

1.50 

0.325 

1.92 

0.345 

1.75 

O.368 

2.06 

0.372 

2.00 

0.417 

2.36 

0.439 

2.25 

0.482 

2.66 

0.499 

2.50 

0.532 

2.8l 

0.536 

2.75 

0.600 

2-95 

O.566 

2.87 

0.624 

3.10 

o.6o4 

3-00 

0.655 

3.25 

0.637 

3-12 

0.686 

3.40 

0.682 

3-37 

0.745 

3-54 

0.711 

3.62 

0.790 

3.69 

0.745 

3-37 

0.844 

3.84 

0.782 

4.11 

0.888 

3-99 

0.805 

*•37 

0.923 

4.l4 

0.835 

4.62 

0.948 

4,28 

0.865 

4.87 

0.970 

4.43 

0.890 

5.12 

0.981 

4.58 

0.915 

5.24 

0.989 

4.73 

0.933 

5.74 

1.00 

4.87 

0.949 

5-99 

1.00 

5.02 

0.965 

5.17 

0.977 

5.32 

0.990 

5.46 

1.00 

5.61 

1.00 

X  « 

O.819  m 

x  -  0.921 

m 

y/i2 

u/u4 

e\j 

*0 

u/u4 

0.010 

0.114 

0.00795 

0.114 

0.21 

0.194 

0.167 

O.I80 

0.40 

0.250 

0.318 

^..197 

0.6l 

0.273 

0.477 

0.207 

0.81 

0.277 

0.636 

0.222 

1.01 

0.308 

0.795 

0.255 

1.21 

0.335 

0.955 

0.291 

1.4l 

0.366 

1.113 

0.312 

1.61 

0.411 

1.43 

O.36O 

1.82 

0.458 

1.59 

0.395 

2.02 

0.504 

1.75 

0.438 

2.22 

0.544 

1.91 

0.467 

2.42 

0.588 

2.067 

0.516 

2.62 

0.634 

2.225 

0.552 

2.83 

0.688 

2.384 

0.592 

3.03 

0.734 

2.54 

0.624 

3.23 

0.781 

2.70 

0.664 

3.43 

0.821 

2.86 

0.702 

3.63 

O.863 

3.02 

0.739 

3.83 

0.894 

3.18 

0.777 

4.24 

0.933 

3.50 

0.849 

4.64 

0.970 

3.82 

0.901 

5.05 

0.991 

4.13 

0.936 

5.45 

0.997 

4.45 

0.964 

5.65 

1.00 

4.77 

0.984 

5.09 

0.997 

5.25 

1.00 

5.4l 

1.00 

TABLE  U  -  CHARACTERISTIC  BOUNDARY  LAYER  DATA  (RUN  II) 
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TABLE  5  -  VELOCITY  PROFILES  (RUN  II) 


X  «  0. 

>108  m 

x  ■  0, 

.159  m 

X  ■ 

O.616  m 

x  *  0. 

667  m 

y/«2 

u/u6 

y/«2 

u /ufi 

y/«2 

U/US 

y/«2 

U/U4 

0.05'' 

0.2110 

0.030 

0.1471 

0.0056 

0.232 

0.005 

0.2361 

0.345 

0.400 

0.326 

0.2225 

0.062 

0.256 

0.054 

0.3184 

0.634 

0.472 

0.620 

0.2589 

0.118 

0.280 

0.104 

0.3184 

0.92 

0.517 

0.918 

0.2960 

0.225 

0.262 

0.148 

0.3184 

1.21 

0.558 

1.185 

0.3443 

O.31* 

0.249 

0.198 

0.3103 

1.49 

0.597 

1.481 

0.3997 

0.45 

0.210 

0.296 

0.3103 

1.729 

0.629 

1.777 

0.4541 

0.56 

0.210 

0.397 

0.2906 

2.017 

0.662 

2.073 

0.5127 

0.68 

0.198 

0.494 

0.2906 

2.30L 

0.692 

2.370 

0.5653 

0.79 

0.206 

0.593 

0.2906 

2.881 

0.756 

2.66C 

0.6218 

0.90 

0.181 

0.692 

0.2992 

3.457 

0.817 

2.962 

0.6811 

1.01 

0.218 

0.79 

0.3130 

4.034 

0.865 

3.258 

0.7286 

1.13 

0.225 

0.89 

0.3262 

4.609 

0.911 

3.555 

0.7733 

1.24 

0.245 

0.99 

0.3463 

5.186 

0.948 

3.851 

0.8249 

1.35 

0.271 

1.19 

O.3855 

5.762 

0.971 

4.147 

0.8675 

1.46 

0.297 

1.383 

0.4271 

6.339 

0.986 

4.443 

0.9082 

1.58 

0.346 

1.56 

0.4740 

6.915 

0.996 

4.?4o 

0.9443 

1.80 

0.425 

1.78 

0.5295 

7.491 

1.00 

5.036 

0.9659 

1.91 

0.447 

1.88 

0.5560 

5.332 

0.9765 

2.14 

0.528 

1.98 

0.5812 

5.480 

0.9870 

2.36 

0.589 

2.27 

0.6691 

5.924 

0.9948 

2.59 

0.665 

2.57 

0.7466 

6.40 

1.00 

2.81 

0.738 

2.86 

0.8012 

3.04 

0.768 

3.16 

0.8670 

3.26 

0.820 

3.36 

0.891C 

3.50 

0.873 

3.66 

0.9282 

3.71 

0.905 

3.95 

0.9639 

3.94 

0.932 

4.15 

0.9769 

4.17 

0.958 

4.25 

0.9830 

4.39 

0.975 

4.35 

0.9872 

4.62 

0.992 

4.45 

0.9915 

4.84 

1.00 

4.54 

0.9958 

4.64 

1.00 

TABLE  5  COHTIHUED  -  VELOCITY  PROFILES  (RUE  II) 


x  ■  0. 

717  ■ 

x  ■  0 

>.819  d 

x  ■  0. 

921  m 

x  *  ; 

L  .022  n 

y/«2 

u/u4 

y/«2 

u/u4 

y/*2 

u/u4 

y/«2 

u/u« 

0.0047 

0.238 

0.00b 

0.229 

0.003 

0.186 

0.003 

0.237b 

0.051 

0.360 

0.039 

0.398 

0.038 

0.369 

0.032 

0.3162 

0.09b 

0.371 

0.076 

0.b26 

0.071 

0.bl3 

0.061 

0 . 32bl 

O.lbO 

0.385 

O.lbb 

0.b39 

0.137 

0.b60 

0.118 

0.3685 

0.187 

0.385 

0.288 

0.b62 

0.27b 

0.b87 

0.235 

0.bll3 

0.23b 

0.385 

0.b32 

0.b75 

O.blO 

0.b98 

0.352 

0.bbb2 

0.281 

0.387 

0.576 

0.b79 

0.5b5 

0.505 

0.b70 

0.b7b9 

0.37b 

0.392 

0.720 

0.b83 
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0.b97 

0.81 

0.53b 
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1.008 

0.510 
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0.822 

0.5310 
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0.398 

1.152 

0.538 

1.08 

0.556 

0.9b0 

0.5b29 

0.7b9 

0.bl3 

1.296 

0.56b 

1.22 

0.569 

1.058 

0.5569 
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0.575 
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0.580 

1.116 

0.5638 
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1.36 

0.597 

1.175 

0.5728 

1.217 

0.b73 

1.58b 
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l.b9 
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1.292 
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2.bb 
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2.736 
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2.58 

0.791 

2.233 
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2.901 
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0.8b2 
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0.8289 

3.?bb 
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0.963 

3.600 

0.962 
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1.00 
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0.9513 
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3.86 

0.997 

3.b08 

0.9607 

3.93 

1.00 
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0.9713 

3.525 

0.9779 

3.6b3 

0.9935 

3.702  1.00 


-  CHARACTERISTIC  BOUHDARY  LAYER  DATA  (RUH  III) 
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TABLE  7  -  VELOCITY  PROFILES  (RUN  III) 


x  -  0. 

1080  m 

x  -  0. 

210  a 

x  »  0. 

311  m 

x  -  0. 

413  m 

X  * 

0.514 

y/<2 

u/u6 

y/«£ 

U/Ufi 

y/&2 

U/u4 

y/«2 

u/u{ 

y/«2 

u/“4 

0.0955 

0.2425 

0.044 

0.1766 

0.027 

0.1410 

0.022 

0.2095 

0.0188 

0.1844 

0.324 

0.3606 

0.221 

0.2705 

0.135 

0.2101 

0.043 

0.2316 

0.094 

0.2974 

0.571 

0.5100 

0.398 

0.3535 

0.244 

0.2679 

0.065 

0.249 

0.170 

0.3499 

0.600 

0.5718 

0.575 

0.3929 

0.352 

0.2934 

0.086 

0.2705 

0.245 

0.3689 

1.050 

0.6070 

0.752 

0.4150 

0.461 

0.3063 

0.108 

0.2901 

0.320 

0.3780 

1.520 

0.6584 

0.930 

0.4360 

0.570 

0.3221 

0.129 

0.306 

0.396 

0.3956 

2.05 

0.7016 

1.15 

0.4676 

0.705 

0.3420 

0.150 

0.322 

0.47 

0.4124 

2.85 

0.7810 

1.33 

0.5043 

0.814 

0.3532 

0.193 

0.340 

0.56 

0.4206 

3.81 

0.8512 

1.55 

0.5345 

0.950 

0.3685 

0.236 

0.347 

0.75 

0.4364 

4.76 

0.9024 

1.77 

0.5653 

1.08 

0.3860 

0.280 

0.347 

0.94 

0.4592 

5.71 

0.9475 

2.21 

0.6252 

1.36 

0.4268 

0.366 

0.366 

1.13 

0.4809 

6.66 

0.9781 

2.65 

0.6910 

1.63 

0.4722 

0.451 

0.389 

1.32 

0.5084 

7.61 

0.9953 

3.10 

0.7535 

1.90 

0.5147 

0.667 

0.4o6 

1.51 

0.5345 

8.09 

0.9985 

3.54 

0.8089 

2.17 

0.5529 

0.86 

0.428 

1.88 

0.5867 

8.56 

1.00 

3.98 

0.8634 

2.44 

0.6081 

1.29 

0.485 

2.26 

0.6442 

4.42 

0.9068 

2.71 

0.6561 

1.72 

0.535 

2.64 

0.7047 

4.87 

0.9424 

2.98 

0.7048 

2.15 

0.617 

3.01 

0.7586 

5.31 

0.9737 

3.25 

0.7503 

2.58 

0.685 

3.39 

0.8123 

5.53 

0.9796 

3.52 

0.8015 

3.01 

0.746 

3.77 

0.8650 

5.75 

0.9846 

3.80 

0.8405 

3.44 

0.8226 

4.14 

0.9147 

5.97 

0.9887 

4.07 

0.8790 

3.87 

0.875 

4.71 

0.9619 

6.19 

0.9928 

4.34 

0.9147 

4.30 

0.927 

5.08 

0.9759 

6.42 

0.9959 

4.61 

0.9397 

4.73 

0.956 

5.46 

0.9877 

6.64 

0.9977 

4.88 

0.9646 

5.16 

0.978 

5.84 

0.9952 

7.08 

1.00 

5.15 

0.9811 

5.59 

0.9908 

6.21 

0.9986 

5.42 

0.9872 

6.02 

0.9957 

6.4o 

1.00. 

5.69 

0.9917 

6.45 

0.9982 

5.96 

0.9956 

7.31 

1.00 

6.24 

0.9989 

6.51 

1.00 

TABLE  7  CONTINUED  -  VELOCITY  PROFILES  (RUN  III) 


X  »  ( 

3. 616  m 

x  -  ( 

3.718  m 

x  »  0, 

.819  a 

x  ■  1 

0.921  a 

X  ■  . 

1.022  a 

y/*2 

U/U4 

y/«2 

u/ufi 

y/«2 

u/u4 

y/«2 

u/l*4 

y/«2 

u/u4 

0.016 

0.1773 

O.Oll* 

0.1900 

| 

-0.0115- 

0.1733 

0.008 

0.131*7 

0.005 

0.1522 

0.078 

0.2803 

0.01*1* 

0.1900 

0.0230 

0.1906 

0.017 

0.1650 

O.Oll* 

0.1651* 

0.11*1 

0.3586 

0.073 

0.2628 

0.031*5 

0.2065 

0.025 

0.1905 

0.023 

0.1777 

0.201* 

0.3780 

0.102 

0.3362 

0.0460 

0.2576 

0.01*2 

0.2211* 

0.032 

0.1892 

0.266 

0.3961* 

0.131 

0.3717 

0.0575 

0.291*8 

0.059 

0.21*10 

0.01*1 

0.1892 

0.329 

0.1*106 

0.160 

0.1*002 

0.0805 

0.3325 

0.076 

0.2591 

0.060 

0.1892 

0.1*07 

0.1*226 

0.189 

0.1*118 

0.1035 

0.3729 

0.092 

0.2761 

0.078 

0.1892 

0.1*70 

0.1*309 

0.2U8 

0.1*286 

0.127 

0.3871* 

0.110 

0.2889 

0.097 

0.1892 

0.63 

0.1*1*72 

0.306 

0.1*1*83 

0.11*9 

0.1*011* 

0.11*3 

0.2952 

0.11*3 

0.1892 

0.78 

0.1*736 

0.1*37 

0.1*771 

0.195 

0.1*206 

0.177 

0.3072 

0.184 

0.1892 

0.91* 

0.1*928 

0.582 

0.1*933 

0.21*1 

0.1*318 

0.261 

0.3327 

0.276 

0.1892 

1.25 

0.531*5 

0.728 

0.5089 

■  0.299 

0.1*1*79 

0.337 

0.3539 

0.368 

0.1892 

1.57 

0.5732 

0.873 

0.5256 

0.356 

0.1*618 

0.50 

0.3858 

0.1*60 

0.1892 

1.88 

0.6217 

1.161* 

0.5533 

0.1*595 

0.1*736 

0.67 

0.1*196 

0.55 

0.1892 

2.19 

0.6655 

1.1*55 

0.5917 

0.6892 

0.5059 

0.81* 

0.1*1*68 

0.7I* 

0.1892 

2.50 

0.7071 

1.71*7 

0.6277 

0.9189 

0.51*06 

1.01 

0.1*686 

0.92 

0.2052 

2.82 

0.7512 

2.038 

0 . 6606 

l.ll*8 

0.5621 

1.18 

0.1*931 

1.10 

0.2381* 

3.13 

0.7955 

2.329 

0.7032 

1.378 

0.5868 

1.35 

0.5218 

1.29 

0.321*1* 

3.1*1* 

0.8367 

2.620 

0.7359 

1.608 

0.6132 

1.51 

0.5U72 

1.1*7 

0.3781* 

3.76 

0.8799 

..911 

0.7761* 

1.838 

0.6381* 

1.68 

0.5731 

1.65 

0.1*255 

It. 07 

0.9103 

3.202 

0.8120 

2.067 

0.6627 

1.85 

0.6159 

1.75 

0.1*1*72 

1*.38 

0.9373 

3.1*93 

0.81*61 

2.297 

0.6861* 

2.02 

0.6376 

1.93 

0.1*920 

It.  70 

0.9562 

3.781* 

0.8788 

2.527 

0.7275 

2.35 

O.6896 

2.11 

0.5525 

5.01 

0.9710 

1*.075 

0.9078 

2.757 

0.761*5 

2.69 

0.71*16 

2.30 

0.6035 

5.32 

0.9820 

U.367 

0.9326 

2.986 

0.791*9 

3.03 

0.8083 

2.1*8 

0.6569 

5.63 

0.9892 

U.658 

0.9531* 

3.216 

0.821*2 

3.20 

0.8326 

2.67 

0.7108 

5.95 

0.9957 

■*.91*9 

0.9689 

3. 1*1*6 

0.8525 

3.53 

0.8762 

2.85 

0.7678 

6.26 

0.9979 

5.21*0 

0.9786 

3.675 

0.8798 

3.87 

0.9187 

3.03 

0.8131 

6.57 

1.00 

5.531 

0.9871* 

U.135 

0.9253 

lt.Ol* 

0.9372 

3.12 

0.8373 

5.822 

0.9937 

l*.59*t 

0.9605 

1*.37 

0.9620 

3.1*0 

0.8885 

6.1*01* 

0.9992 

5.051* 

0.9792 

It. 51* 

0.9721* 

3.68 

0.9325 

6.696 

1.00 
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FIG.  6  VELOCITY  PROFILES  IN  A  TURBULENT  BOUNDARY  LAYER  (  RUN  I) 


FIG.7  SEPARATION  PROFILES  NEAR  THE  WALL  IN  A  TURBULENT  BOUNDARY  LAYER 


FIG.  8  UNIVERSAL  SEMILOGARITHMIC  LAW  OF  VELOCITY  PROFILES  (RUN  I) 
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FIG.IO  REYNOLDS  NUMBER, VELOCITY, SKIN  FRICTION^AND  H.,  DISTRIBUTIONS  ( RUN n  ) 
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FIG. II  VELOCITY  PROFILES  IN  A  TURBULENT  BOUNDARY  LAYER  (RUN  XT) 


FIG.  12  EXPERIMENTAL  AND  THEORETICAL  WALL  SHEAR  STRESS  (RUN II) 


FI6.IB  VELOCITY  PROFILES  IN  A  TURBULENT  BOUNDARY  LAYER  (RUN HI) 


FIG.I6  UNIVERSAL  SEMI  LOGARITHMIC  LAW  OF  VELOCITY  PROFILES  (RUN  HI) 


Unclassified 


Security  Classification 


DOCUMENT  CONTROL  DATA  -  RAD 

rilr  clt»tlttetti&*  9t  tin*  body  m4  afcirnct  tnt  Indexing  tnnottHen  mutt  tt  mttrtt  nAw  Sm  tttttli  itptrl  it  tltttHItQ 


I  OemiNATIN  O  ACTIVITY  fCorportr •  tulhori  lit  AKAORT  Aacun^^^^AMIPICATIOM 

Massachusetts  Institute  of  Technology  | 

Gas  Turbine  Laboratory 
Cambridge,  Massachusetts  02139 


J  MPOAT  TITLl 

"Experiments  on  Turbulent  Boundary  Layers  along  a  Circular  Cylinder  with  and 
without  Separation” 


4  DESCRIPTIVE  NOTES  (Typa  ot  report  and  inc/u*iVe  dataa) 

Final  Report 


•  AUTHORS)  fLesf  name.  Are r  name.  Initial) 

Fernholz ,  Hans,  and  Gibson,  Paul 


•  REPORT  DATE 

July  1967 


•  a.  CONTRACT  OR  (RANT  NO. 

Nonr  181*1(91) 

b.  PROJECT  NO. 

DTMB  -  Bureau  of  Ships  General 


7a  TOTAL  NO.  OP  PASEI  7b.  NO.  OP  RIPS 

23 


•  «.  ORIGINATOR'S  REPORT  NUMBINfSj 

Gas  Turbine  Laboratory  Report  #  91 


Hydroaechanics  Research  Program  it  oth««  »«ao«t  now  (Any  n«i.n  Mr  m 
S-R009-01  01 


10  A  V  A  IL  ASILITV /LIMITATION  NOTICE*  ~ “ 

Copies  of  this  report  may  be  obtained  from  the  Clearing  House  for 
Federal  Scientific  and  Technical  Information,  Sills  Building, 
Springfield.  Virginia  22151 


1473 


Security  Classification 


Unclassified 


Security  Classification 


Turbulent  Boundary  Layers 
Separation 

Adverse  Pressure  Gradients 
Skin  friction  Measurements 


INSTRUCTIONS 


1.  ORIGINATING  ACTIVITY:  Enter  the  name  end  address 
of  the  contractor,  subcontractor,  grantee,  Department  of  De¬ 
fense  activity  or  other  organisation  (corporate  author)  issuing 
the  report. 

2a.  REPORT  SECURTY  CLASSIFICATION:  Enter  the  over- 
all  security  classification  of  tha  report.  Indicate  whether 
4 'Restricted  Data14  ia  included  Marking  la  to  ba  In  accord 
ance  with  appropriate  security  regulations. 

2b.  GROUP:  Automatic  downgrading  ia  apeciflad  in  DoD  Di¬ 
rective  5200. 10  and  Armed  Forces  Industrial  Manual.  Entsr 
tha  group  number.  Also,  whin  applicabia,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  at  author- 
iced. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  in  all 
capital  letters.  Titles  In  all  caaaa  should  ba  unclassified. 

If  a  meaningful  titla  cannot  ba  selected  without  claesiflca- 
tion,  show  title  classification  In  all  capitals  in  parenthesis 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report,  e.g.,  interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  datee  when  a  specific  reporting  period  La 
covered. 

5.  AUTHOR(SV  Enter  the  natnefe)  of  authors)  shown  on 
or  in  the  report.  Enter  last  nama,  first  name,  middle  Initial. 

If  military,  show  rank  and  branch  of  service.  Tha  name  of 
the  principal  author  ia  an  absolute  minimum  requirement 

6.  REPORT  DATE;  Enter  the  date  of  the  report  as  day, 
month,  year,  or  month,  year.  If  more  than  one  data  appears 
on  the  report,  uac  data  of  publication. 

7*.  TOTAL  NUMBER  OF  PAGES:  Tha  total  page  count 
should  follow  normal  pagination  procedures,  La.,  enter  tha 
number  of  pages  containing  information 

7b.  NUMBER  OF  REFERENCES:  Enter  the  total  number  of 
refrrencea  cited  in  the  report. 

Be.  CONTRACT  OR  GRANT  NUMBER:  If  appropriate,  enter 
tt*e  applicable  number  of  the  contract  or  grant  under  arhich 
the  report  was  written 

Bb,  8c,  &  id.  PROJECT  NUMBER:  Enter  the  appropriate 
military  department  identification,  such  as  project  number, 
subproject  number,  ayatam  numbers,  task  number,  etc. 

9e.  ORIGINATOR'S  REPORT  NUMBER(S):  Enter  the  offi¬ 
cial  report  number  by  which  the  document  will  be  identified 
and  controlled  by  tha  originating  activity.  This  number  must 
be  unique  to  this  report. 

9b.  OTHER  REPORT  NUMBER(S):  If  the  report  baa  been 
assigned  any  other  report  numbers  (either  by  the  originator 
or  by  the  aponaor),  also  enter  this  numbers). 

10.  AVAILABILITY/LIMITATION  NOTICES:  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 


imposed  by  security  classification,  using  standard  statements 
such  as: 

(1)  "Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC" 

(2)  "Foreign  announcement  and  dissemination  of  this 
report  by  DDC  la  not  authorized.44 

(3)  "U.  1  Government  agencies  may  obtain  coplaa  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
usera  shall  request  through 

M 

(4)  "U.  S.  military  agencies  may  obtain  coplaa  of  this 
report  directly  from  DDC  Other  qualified  users 
shall  request  through 


(5)  "All  distribution  of  this  report  is  controlled  Qual¬ 
ified  DDC  ueera  shall  request  through 

M 

If  tha  report  haa  bean  furnished  to  tha  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi- 
cete  this  fact  and  enter  tha  price,  if  known. 

1L  SUPPLEMENTARY  NOTES:  Use  for  additional  sapiens- 
tory  notes. 

IZ  SPONSORING  MILITARY  ACTIVITY:  Enter  the  nama  of 
the  departmental  project  office  or  laboratory  sponsoring  (pay 
ing  for)  tha  research  and  development  Include  addbese. 

13.  ABSTRACT:  Enter  an  abstract  giving  a  brief  and  factual 
summary  of  the  document  indicative  of  tha  report,  even  though 
it  may  also  appear  elsewhere  ia  tha  body  of  tha  technical  re¬ 
port.  If  additional  space  ia  required,  a  continuation  sheet  shall  * 
be  attached. 

It  la  highly  desirable  that  tha  abstract  of  classified  reports 
ba  unclassifiad.  Each  paragraph  of  tha  abstract  ahatl  and  with 
an  indication  of  tha  military  security  classification  of  tha  in¬ 
formation  in  the  paragraph,  represented  aa  (T8),  (3).  ( C )  nr  (U) 

There  ie  no  limitation  on  tha  length  of  the  abstract.  How¬ 
ever,  tha  auggeatad  length  ia  from  150  to  225  words. 

14.  KEY  WORDS:  Kay  words  are  technically  meaningful  terms 
or  short  phrases  that  characterise  a  report  and  may  be  uaed  aa 
index  entries  for  cataloging  tha  report-  Key  worda  must  ba 
selected  so  that  no  security  classification  ia  required.  Identi¬ 
fiers,  such  ee  equipment  model  designation,  trade  name,  military 
project  coda  name,  geographic  location,  may  ba  uaed  as  kev 
w^Jih.4  Will  be  followed  by  an  indication  oi  technical  con¬ 
text.  The  assignment  of  links,  roles,  and  weights  Is  optional. 


lalal 


F0,%  W73  l 


jn^isssifiea _ 

Security  Classification 


